Increasing competition in the livestock industry has forced producers to cut costs by adopting new technologies aimed at increasing production efficiency. One particularly promising technology is feeding enzymes as supplements for animal diets. Supplementation of diets for non-ruminants (e.g., swine and poultry) with fibrolytic enzymes, such as cellulases, xylanases and -glucanases, increases the feed conversion efficiency and growth rate of the animals. Enzymatic hydrolysis of plant cell wall polymers (e.g., cellulose, xylan, -glucans) releases glucose and xylose and eliminates the antinutritional effects of -glucans and arabinoxylans. Enzyme supplementation of diets for ruminants has also been shown to improve growth performance, even though the rumen itself represents the most potent fibrolytic fermentation system known. Implementation of this technology in the livestock industry has been limited largely because of the cost of development and production of enzymes. Over the last decade, however, developments in recombinant DNA technology have increased the efficiency of existing microbial production systems and facilitated exploitation of alternative sources of industrial enzymes. The ruminal ecosystem is among the novel enzyme sources currently being explored. Understanding the role of enzymes in feed digestion through characterization of the enzymology and genetics involved in digestion of feedstuffs by ruminants will provide insight required to improve the products currently available to producers. Characterization of genes encoding a variety of hydrolytic enzymes, such as cellulases, xylanases, -glucanases, amylases, pectinases, proteases, phytases and tannases, will foster the development of more efficacious enzyme supplements and enzyme expression systems for enhancing nutrient utilization by domestic animals. Characteristics of the original source organism need no longer restrict the production of a useful enzyme. Recent reports of transgenic plants expressing fibrolytic or phytase activity and of transgenic mice able to produce endoglucanase in the pancreas speak to the feasibility of improving feed digestion through genetic modification of the feedstuffs and the animals.
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Introduction
The global industrial enzyme market was estimated in 1994 to be worth US$400 million annually [1] . This market was more recently valued at US$1.4 billion and was suggested to be increasing at an annual rate of 4-5% [2] . Enzymes such as cellulases, xylanases, proteases, lipases, amylases, phosphatases, and pectinases are widely used in the pulp and paper, textiles, detergent, and food and beverage industries.
Industrial enzymes also have application in the nonruminant livestock industry as feed additives. Cellulases, xylanases, -glucanases, pectinases, and phytases increase the efficiency of feedstuff utilization by enhancing degradation of plant cell wall polymers (e.g., cellulose, xylan, -glucan) [3] [4] [5] [6] and decrease production of pollutants (e.g., phytic acid) [6, 7] . Enzymatic hydrolysis of cellulose and xylan to simple sugars (e.g., glucose and xylose), and of phytate phosphate to inorganic phosphate, provides the nonruminant animal with carbon and phosphorus sources that are normally not made available by intestinal enzymes. The effect of enzymes may also be attributed to the degradation of antinutritional compounds that have deleterious effects on nutrient absorption and that promote intestinal disturbances by pathogenic enteric microorganisms. Supplementary xylanases and -glucanases are used to counteract the increased digesta viscosity caused by high levels of arabinoxylans prevalent in wheat and rye grain or -glucans common in barley and oat grain [6, [8] [9] [10] . In addition to liberating phytate phosphorus, phytases also decrease the metal chelating effects of phytate [6, 11, 12] .
Unlike non-ruminant animals, ruminants have an extensive array of microbial enzymes produced in the rumen, and these enzymes play an important role in the ruminant digestive process. The most extensively studied enzyme systems of the rumen are those involved with the digestion of fibre and other associated or related plant cell wall polymers. Fibrolytic activity in the rumen arises from protozoal, fungal and bacterial sources, primarily Fibrobacter succinogenes, Ruminococcus albus and Ruminococcus flavefaciens [13] . Ruminal fungi are noted for their production of potent fibrolytic enzymes and their ability to degrade even the most recalcitrant plant cell wall polymers [13] [14] [15] [16] . Notwithstanding this impressive array of endogenous enzymes, recent evidence suggests that enzyme supplementation can also increase the average daily gain of ruminants [17, 18] .
The cost of product development and production using traditional large-scale fermentations and downstream processing has restricted the availability of effective products and prevented the widespread use of enzymes as livestock feed additives. A limited niche market in the livestock industry is currently supplied by products derived from traditional enzyme sources used in the food industry [19] . However, the majority of these products were selected and developed for applications other than livestock nutrition and lack the specificity and efficacy necessary to deliver a cost effective treatment that is attractive to livestock producers.
Improving the performance of enzyme supplements requires a thorough understanding of the structure and composition of the feedstuffs and of the digestive activities required for optimal nutrient utilization. As new sources of enzymes are explored and screened for hydrolytic enzymes with exceptional activity or specificity, knowledge of the key digestion-limiting steps in feed degradation will encourage selection of the most strategic enzymes for development. Advances in recombinant DNA technology will facilitate incorporation of novel enzyme activities into new and improved enzyme supplements and expedite development of alternative systems for enzyme production and delivery. The rumen ecosystem represents a virtually untapped resource of novel enzymes and opportunities to define the process of feed and fibre degradation. This review will discuss recent advances in the genetics of rumen microbial enzymes, and methods to exploit this wealth of genetic material to generate enzymes for improving livestock performance.
The Rumen Ecosystem as a Source of Enzymes
The rumen is a highly specialized, pre-peptic adaptation of the digestive tract that facilitates the storage and microbial processing of a large quantity of plant material [20] . Degradation and utilization of ingested plant material by ruminants is regulated by plant, animal and microbial factors [13] . Access of digestive enzymes to plant nutrients is governed largely by the physical characteristics of the plants (e.g., structure, composition, feed processing techniques). Mastication, salivation and rumination by the animal initiate release of nutrients from the plant material and increase their availability to microbial digestive enzymes. Degradation and metabolism of the feed components (e.g., cellulose, hemicellulose, starch, protein) by ruminal microorganisms supplies the carbon, energy, amino acids (microbial protein) and vitamins required by the ruminant host.
The rumen ecosystem comprises a diverse population of obligately anaerobic bacteria, fungi and protozoa [13] defined by the intense selective pressures of the ruminal environment. These microbial symbionts . . . Xβ1-4Xβ1-4Xβ1-4Xβ1-4Xβ1-4Xβ1-4Xβ1-4Xβ1-4X . . .
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Xβ1-4X are adapted to survival under conditions of anaerobiosis, high dilution rates, high cell densities and protozoal predation, and have evolved the capacity for efficient utilization of complex and recalcitrant plant polymers (e.g., cellulose and hemicellulose). Despite their complexity, low porosity and varying crystallinity, fibrous plant materials are readily digested by the simultaneous activity of the array of microbial enzymes present in the rumen.
Ruminal enzyme activity
The rumen microbial population presents a rich and, until recently, underutilized source of novel enzymes with tremendous potential for industrial applications. The enzyme activities confirmed to exist in the rumen are diverse, and include plant cell wall polymerdegrading enzymes (e.g., cellulases, xylanases, -glucanases, pectinases), amylases, proteases, phytases and specific plant toxin-degrading enzymes (e.g., tannases). The variety of enzymes present in the rumen arises not only from the diversity of the microbial community but also from the multiplicity of fibrolytic enzymes produced by individual microorganisms [21] [22] [23] [24] [25] . Efficient digestion of complex substrates in the rumen requires the coordinated activities of many enzymes. Two models have been proposed for individual cells to describe the organization of fibrolytic enzyme systems following synthesis and secretion from the cell. In the first model, enzymes act individually and synergistically to effect the hydrolysis of cellulose. This model originated largely from research on aerobic fungi representing several genera, including Trichoderma and Phanerochaete, and has recently been reviewed [26, 27] . In the second model, the individual enzymes are assembled into multi-enzyme complexes (e.g., cellulosomes). The cellulosomal multi-enzyme complex of the thermophilic bacterium Clostridium thermocellum is the most extensively studied example of this model [28] . High molecular mass complexes containing numerous cellulases have been identified in a number of rumen bacteria, including Butyrivibrio fibrisolvens, R. albus and F. succinogenes, and fungi, including Neocallimastix frontalis and Piromyces sp. [14, 24, 28, 29] .
Knowledge of the mechanisms by which these enzymes effect their degradative activities and of their substrate characteristics (e.g., composition, structure) is essential for efficient exploitation of this resource. The particular promise of the rumen as a source of enzymes for plant cell wall degradation is increasingly being recognized.
Plant cell wall degradation. The outer layers of epicuticular waxes, cuticle and pectin represent the plant's first line of defense against dehydration and penetration by phytopathogens. The cuticular layers of grasses, legumes and cereal grains also represent a potent barrier to penetration by ruminal microbes [13] . Although the cuticle is resistant to microbial and digestive enzymes in the rumen, mastication of forages and pretreatment of cereal grain disrupts the cuticular layer minimizing its deleterious effect on digestion [30] . Plant cells are connected by middle lamellae composed of pectin. The primary structure of pectin is a backbone of α(1-4)-linked residues of D-galacturonate [ Figure 1(a) ]. The rhamnogalacturonan backbone may be interspersed either with rhamnose or with galacturonic acid residues substituted with methyl ester groups or sugar side chains [31] [32] [33] . Pectin, a minor component of grass cell walls [31] , is digested in the rumen either by strictly pectinolytic species or by those species possessing a , and enzyme cleavage sites (1 -pectin lyase, 2 -polygalacturonase, 3 -pectin methylesterase, 4 -cellobiohydrolase, 5 -endoglucanase, 6 -cellobiase, 7 -endoxylanase, 8 -xylosidase, 9 -arabinofuranosidase, 10 -feruloyl esterase, 11 -acetylxylan esterase, 12 -α-glucuronidase, 13 -mixed linkage -glucanase. Symbols: Ac, Acetic acid; Af, Arabinose; Fer, Ferulic acid; G, Glucose; Gal, galacturonic acid; M, methyl ester; mGu, 4-O-methylglucuronic acid; Rha, Rhamnose; X, Xylose. (from Forsberg et al. [14] ). combination of pectinases (e.g., pectin lyase, polygalacturonase, pectin methylesterase) and xylanases [34] [35] [36] . One of the major pectinolytic bacterial species inhabiting the rumen, Lachnospira multiparus, produces a pectin lyase and a pectin methylesterase [37] . Ruminal fungi and protozoa also express one or more of these enzymes [34, 36, 38, 39] .
The plant cell wall is composed primarily of fibrils of cellulose, a hydrogen-bonded (1-4)-linked D-glucan [ Figure 1(b) ], which accounts for 20-30% of the dry weight of most plant primary cell walls [32, 40] . The degree of crystallinity of the cell wall is highly variable. It may be as low as 20% in primary cell walls or as high as 70% in secondary cell walls [41] . Hemicellulose is another major component of the cell wall of both stems and leaves of grasses and legumes. The ratio of cellulose to hemicellulose ranges from 0.8 to 1.6:1 [42] . The hemicellulose fraction is composed mainly of xylans with a backbone structure of and as a consequence, entrap other polymers within the wall. Thus, the plant cell wall is an interwoven matrix of polymers. There is evidence that the phenolic fraction in cell walls reduces the bioavailability of these materials [45] . Enzymes able to cleave either the ether linkages of lignin or (perhaps better) to solubilize the intact lignin by cleavage of (1-4)-xylan or ester bonds that link lignin to hemicellulose should increase digestion. Unfortunately, ligninolytic enzymes usually function by oxidative processes and therefore do not function well in the rumen.
The prevalence of glycans in certain cereal grains confers some antinutritional properties on these feedstuffs. In barley and oats, a mixed-linkage (1-3,1-4) -D-glucan [ Figure 1 (d)] predominates in endosperm cell walls whereas in wheat and rye, arabinoxylan is the major polysaccharide [10, 49, 50] . -Glucan in barley and oats accounts for 3 to 5% of the kernel weight and contains approximately 30% (1-3) linkages and 70% (1-4) linkages. Arabinoxylan in rye contains a xylose to arabinose ratio of 2:1 and constitutes up to 10% of the cereal grain [51] . These glycans increase digesta viscosity and cause sticky feces in poultry, and because these animals lack glycanase activity, this dietary energy is lost to them. The sticky feces syndrome causes problems for producers in terms of animal hygiene, fouling of eggs and promoting the spread of enteric disturbances. Supplementary xylanases and -glucanases can be used to counteract this increase in digesta viscosity, and the problems associated with it [5, 6, [8] [9] [10] .
The fibrolytic bacteria F. succinogenes (formerly Bacteroides succinogenes), R. flavefaciens and R. albus are generally considered to be primarily responsible for degradation of plant cell walls in the rumen [13, 35] . Compared with bacteria, the role of the fungi is less well understood. Five genera of anaerobic chytridomycetous fungi have been isolated from rumen: Anaeromyces, Caecomyces, Neocallimastix, Orpinomyces and Piromyces [52] . The fungi produce a broad array of enzymes and generally degrade a wider range of substrates than do the ruminal bacteria [15, 16] . Furthermore, ruminal fungi are able to degrade the most resistant plant cell wall polymers [13] [14] [15] [16] and the cellulases and xylanases produced by these fungi are among the most active fibrolytic enzymes described to date [16, 53] . Remarkably high activity xylanases have been isolated from Neocallimastix patriciarum (5980 µmol of reducing sugars released/min/mg protein [53] ) and from Orpinomyces joyonii (3500 µmol of reducing sugars released/min/mg protein [54] ). Growth of the fungi seems to be restricted to the recalcitrant sclerenchymal fraction of plant cell walls and this may be due to their much slower growth rate relative to bacteria [13] . Fungi possess also the unique capacity to penetrate the cuticle at the plant surface and the cell walls of lignified tissues [30] .
Over 200 species of protozoa, representing at least 30 genera, inhabit the rumen. The activities of ruminal protozoa contribute significantly to the digestion of plant cell wall polymers and their absence from the rumen may have a negative effect on the extent of fibre digestion [39, 55, 56 ]. All of the major fibrolytic enzyme activities can be detected in the rumen protozoal population, but study of their enzyme systems has been hampered by difficulties in culturing these microorganisms.
The major bonds in plant cell wall polymers have been defined and mapped fairly extensively, and the specific enzyme activities displayed by the rumen microbial inhabitants are routinely determined by substrate screening. Identifying the types of enzymes necessary for substantial biodegradation of the interwoven structural polysaccharides forming the cell wall, and the possessors of such enzymes, would seem therefore to be straightforward. However, such an empirical approach does not address the porosity of the cell wall, the role of plant structure in accessibility of the polymers, or the steric restrictions or proteolytic inactivation which may limit the activity of enzymes in the ruminal environment. Clearly, plant cell wall [59, 60, 62] . At present, the information available on the physical and biochemical characteristics and genetics of proteolytic enzymes produced by ruminal microorganisms is limited. However, consistent positive results from studies with supplementary proteolytic enzymes in non-ruminant livestock production will certainly encourage more in depth exploration of proteolysis in the ruminal ecosystem.
Phytase activity. In areas of the world where swine and poultry production is intensive, phosphorus pollution is becoming a major problem. Phytate phosphate, which accounts for up to 90% of the phosphate found in the cereal and oilseed diet constituents [11] , passes intact through the digestive tract. Diets for poultry and swine must therefore be supplemented with inorganic phosphate, even though large amounts of phosphorus (as phytate) are excreted in the manure and contribute significantly to the eutrophication of surface waters [63] . Efforts to minimize this problem have focused on using enzyme feed additives, such as phytase (Figure 2) , to liberate the phytate phosphorus and make it available to the non-ruminant animal. The commercial phytase supplements currently available are produced using genetically modified strains of the soil fungus, Aspergillus niger. Three genes encoding phytases have been characterized from this organism [64] [65] [66] and this information has been applied to increase phytase production through gene amplification and promoter substitution [63, 65, 66] .
In contrast to non-ruminant animals, ruminants readily utilize the phosphorus in phytic acid. This ability has been attributed to the phytase activity of the ruminal microorganisms [67] which, although recognized for many years, has only recently become the focus of intensified study. Although the process of phytate degradation has been thoroughly characterized, the study of the genetics of this process is relatively new. Whereas fibre degradation in the rumen involves a complex of many enzymes, phytate degradation is considerably more simple, and can be encoded by only a single gene [63, 65, 66] . Techniques developed in research on fibrolytic genes and enzymes from the rumen may well prove easily transferable to applications with phytases.
Enzymatic detoxification. Many plants produce astringent or toxic secondary metabolites as a defence against predation by herbivores. Exposure of livestock to these compounds arises from weed infestation of pastures, contamination of feed and inclusion of toxic plants in feed rations [68] . This exposure results in multimillion dollar annual losses to producers, manifested both as animal deaths and as decreased growth performance. The most widely studied toxins include mimosine T-2 toxins, nitrotoxins, pyrrolizidine alkaloids, trans-aconitate and tannins. They reduce animal productivity by reducing intake, feed palatability, enzyme activity, ruminal fermentation rates, nutrient availability and wool growth, or by inducing toxicosis [68] [69] [70] [71] [72] [73] [74] .
In many areas of the world indigenous ruminants have evolved the ability to ingest native plants that are toxic to non-ruminant animals [75, 76] . Often this ability can be traced to the activities of ruminal microorganisms, which convert toxic ingredients to harmless or even beneficial compounds [68, 77] . Well documented examples of this phenomenon include Leucaena toxin resistance in ruminants in Hawaii [74, 75] and ovine resistance to pyrrolizidine alkaloids [78, 79] .
Leucaena leucocephala is a legume grown in the tropics for a variety of uses (including feed for livestock). This plant produces mimosine, a nonproteic free amino acid which is toxic to nonruminants and to ruminants in which ruminal degradation of mimosine itself or its ruminal degradation product, 3-hydroxy-4(1H)-pyridone (3,4-DHP) does not occur [74] . The involvement of ruminal microorganisms in the detoxification of mimosine was demonstrated by Jones and Lowry [77] . Mimosinesensitive Australian goats were able to eat Leucaena following an infusion of ruminal fluid from tolerant Indonesian goats. The toxicity of hepatotoxic pyrrolizidine alkaloids found in Senecio jacobaea (tansy ragwort) to cattle and horses, but not to sheep [78, 79] , is another example of detoxification in the rumen. Hydrolytic transformations by ovine ruminal microbes detoxifies these alkaloids [78, 80] .
The discovery of ruminal detoxification of plant metabolites has prompted a more detailed examination of the bacteria that effect the degradations. [85] . Characterization of the biochemical and genetic bases of plant toxin degradation by these microbes will increase our understanding of animal tolerance to these compounds, and may facilitate application of toxin-degrading enzymes or the genes encoding them in strategies for improved livestock production.
The Rumen as a Source of Genetic Material
Recombinant DNA technology has provided researchers with powerful new tools for studying cellular processes and tackling complex problems such as plant cell wall degradation. Cloning the hydrolytic genes allows researchers to circumvent problems which commonly complicate enzyme purification from native host microorganisms (e.g., multiple forms of an enzyme, differences in the production of related enzymes, protein aggregation, undetermined degrees of post-translational modification). Information gained by determining the range of activities of an enzyme preparation and by purification and characterization of the individual indigenous enzymes can be supplemented with protein structural analysis to provide a more complete picture of the experimental system. Genetic manipulation of organisms for commercial enzyme production is a prominent application for isolated genetic materials. It has been estimated that 60% of industrial enzymes currently in use are produced with recombinant microorganisms, and that this number will most certainly increase [2] . We will focus now on the genetic material isolated to date from the ruminal ecosystem and discuss its utilization in creating new products designed to improve livestock performance.
At least 100 different genes, the majority of which encode enzymes with a role in fibre digestion, have been cloned from ruminal microorganisms. Most of these have been isolated from a small number of bacterial species, including B. fibrisolvens, F. succinogenes, P. ruminicola, R. albus and R. flavefaciens (for review, see [14, 86, 87] ).
Researchers have only recently begun to study the genetics of anaerobic fungi and protozoa isolated from the rumen. Enticed by the powerful fibrolytic activity of the ruminal fungi and their ability to utilize plant cell wall polymers generally recalcitrant to microbial degradation, researchers have isolated at least 30 genes from seven fungal isolates including N. Although ruminal protozoa have been implicated in fibre digestion, there have been no reports in the literature of genes being cloned from these organisms. Recently, however, two cellulase and two xylanase genes were cloned as part of a collaborative research project between the Japanese National Institute of Animal Industry and the Lethbridge Research Centre. The genes were isolated from cDNA libraries of Epidinium ecaudatum and Polyplastron multivesiculatum [99] . Analysis of the nucleotide sequences of two of the genes has identified 5' regions encoding catalytic domains, and determined that these are related closely to enzymes produced by other ruminal microorganisms.
Gene and gene product structure and organization
Nearly 50% of the genes cloned from ruminal microorganisms have been sequenced (Table 1 ) and database searches have revealed a great deal of similarity between fungal and bacterial glycanases from a common enzyme family, as defined by Gilkes et al. [144] . Some researchers propose that this similarity suggests a common prokaryotic ancestor [53] . This theory is supported by the fact that introns (typical of eukaryotic genes) have not been detected in the celB gene isolated from N. patriciarum [91] . Analyses of nucleotide and deduced amino acid sequences of these cloned genes have also demonstrated variation in the gene and the corresponding gene product structure and organization.
Complementary genetic and enzymological studies of cellulases and xylanases from ruminal microbes have shown that many of these enzymes have a modular structure, consisting of separate catalytic and non-catalytic (e.g., binding or unknown function) domains which may be linked by segment(s) rich in proline and hydroxyamino acid [14, 86] . Multiple catalytic domains may be encoded by a single gene and these domains may be reiterated [53, 88, 119] or dissimilar [140, 142] . A single multifunctional catalytic domain has also been described [107] . This subject has been reviewed in greater detail by Forsberg et al. [14] and by Flint [86] . A scaffold-binding function has recently been assigned to conserved reiterated noncatalytic domains observed in a xylanase and in a mannanase produced by a Piromyces sp. [29] . These domains were hypothesized to bind to scaffolding proteins which mediate the assembly of the multienzyme complexes characteristic of the anaerobic fungi.
Regulatory and secretory sequences in ruminal microorganisms have not been well characterized. Prokaryotic promoter -35 and -10 consensus sequences were conserved in Selenomonas ruminantium promoters selected by expression in Escherichia coli [145] . Because these promoters were not re-introduced into S. ruminantium, however, it cannot be confirmed that their functionality in E. coli did not arise merely from the less stringent specificity of the promiscuous E. coli RNA polymerase. It has been shown that foreign sequences recognized as promoters in E. coli may not be functional in the native microorganism [86] . Information on regulatory sequences of the rumen eukaryotes is even scarcer. In a pioneering study, a lacZ reporter gene was used to examine the functional organization of a N. frontalis enolase promoter [146] . Transient -galactosidase expression was observed in protoplasts of the oomycetous Saprolegnia monoica, but not in the ascomycetes Aspergillus nidulans or Penicillium roqueforti.
Signal sequences appear to be present on most glycanases isolated from ruminal bacteria and fungi. These microorganisms typically secrete the glycanases to the cell surface, where they may remain attached. A variety of regulatory, export and secretion determinants has been described, and these provide raw material from which to design genetic systems for production of adequately expressed extracellular enzymes. However, a great deal of basic research into microbial regulatory and export systems is still necessary to identify the sequences and residues that determine level of expression, export and final location of extracellular enzymes.
Engineering rumen microbial enzymes
The use of protein engineering to enhance the catalytic activity and substrate diversity of hydrolase enzymes from ruminal microorganisms is in its infancy. Only a few reports on this subject have been published, including some in which hydrolytic enzyme characteristics were enhanced by eliminating small portions of or entire catalytic domains. Ohmiya et al. [147] reported that a 15-amino acid N-terminal deletion of the Eg1-encoded endoglucanase resulted in an enzyme with a higher specific activity at a lower pH and temperature than was exhibited by the original Eg1. Truncated F. succinogenes XynC xylanases, each possessing only one intact catalytic domain, had higher specific activities than did the intact multidomain XynC [120] . Catalytic and substrate binding activity may also be enhanced by the replacement or addition of cellulose binding domains. The addition of sequences encoding cellulose binding domains (from Pseudomonas fluorescens subsp. cellulosa XylC, and P. fluorescens subsp. cellulosa XylA) to sequences encoding catalytic domains (from R. albus celA and C. thermocellum celE' glucanase genes, respectively) increased enzyme binding to insoluble substrates such as Avicel [148] . Their respective catalytic activities against carboxymethylcellulose (CMC) and barley -glucan, however, were not increased, nor did they exhibit hydrolytic activity against either amorphous or crystalline cellulose. In contrast, Maglione et al. [149] constructed a hybrid endoglucanase composed of the 40.5-kDa catalytic domain of the P. ruminicola endoglucanase [122] and the cellulose binding domain of the Thermomonospora fusca E2 cellulase. The 54-kDa hybrid enzyme bound to cellulose and its specific activities on CMC, amorphous cellulose and ballmilled cellulose were 1.5, ten and eight times that of the 40.5-kDa endoglucanase, respectively. In addition, the modified enzyme acted synergistically with an exocellulase in the degradation of filter paper, whereas the 40.5-kDa endoglucanase did not.
These examples illustrate that protein engineering can be used to enhance selected enzyme characteristics. Site-directed and random mutagenesis are alternative methods that could be used to modify an enzyme. Application of this technology is not without costs, however, and significant gains in one characteristic often are made at the expense of other characteristics. Furthermore, protein engineering is an empirical approach, which often is not particularly relevant in vivo. A great deal of time could easily be misdirected in attempts to improve an inferior enzyme.
Thus, the study of the mechanisms of fibre digestion and the quest to develop more efficacious enzymes for industrial applications is ongoing. The number of genes cloned from ruminal bacteria, fungi and protozoa is growing and the genetic characteristics of microorganisms from the ruminal environment are being revealed and investigated in attempts to generate genetic materials encoding superior enzymes. This is the key component in the development of effective 'second generation' enzyme products specifically targeted for livestock applications.
Applications for Genetic Material from Ruminal Microorganisms
In recent years, manufacturers have applied recombinant DNA technology to increase the efficiency of enzyme production, to create new products [1] and to explore new sources of enzymes (such as the rumen ecosystem). In a similar fashion, this technology can increase the efficiency and ultimately reduce the cost of enzymes for enhancing livestock performance [150] . Genes encoding unique feed degradative enzymes can be used to fortify existing production systems or to create new microbial and plant systems aimed at improving silage from low quality forages or at producing and delivering enzymes to livestock on a continuous basis (i.e., in the feed plants themselves). This concept can be extended further, to the point of eliminating the need to use feed as a 'middle man' in enzyme delivery, by enabling transgenic animals to secrete endogenous fibrolytic enzymes from the pancreas into the small intestine.
Conventional microbial expression systems
Conventional methods for enzyme production rely on the cultivation of a few species of fungi (e.g., Aspergillus and Trichoderma spp.) and bacteria (e.g., Bacillus subtilis, Bacillus licheniformis) to produce cocktails of cellulases, xylanases, -glucanases, amylases and proteases [1] . Pure cultures are grown in large scale, deep tank fermentors ( > 10 000 L). The resulting cultures are subjected to downstream processing (e.g., centrifugation, filtration, dehydration) to remove extraneous materials such as cells and water. Enzymes are then processed into liquid or powdered formulations; glycerol, skim milk powder or other stabilizing agents may be included in the formulation.
Advances in fermentor design, cultural methods, monitoring technology and downstream processing, coupled with improvements in production strains through selection and mutagenesis, have significantly increased enzyme yields. For example, chemical mutagenesis was used to produce strains of Trichoderma reesei capable of producing cellulases in the range of 40 g/L (a four-fold increase in cellulase yields) [151] . The significance of this achievement, however, is diminished by the low inherent specific activity of the enzymes produced by this fungus. Thus, manufacturers are leaning increasingly toward recombinant technology (for better enzymes) in response to pressures for increased production efficiency.
Conventional approaches for increasing enzyme expression (i.e., chemical mutagenesis and selection) are being complemented or replaced by recombinant DNA technology, which reduces product development cycles [1] . Levels of enzyme expression in aerobic fungi may be significantly elevated by increasing the gene copy number and by using strong promoters. The phytase gene from A. niger has been characterized and phytase production was increased over 1400-fold through the use of the A. niger glucoamylase promoter and gene amplification [63, 66] .
Recombinant DNA technology has also allowed the construction of strains expressing novel and(or) foreign genes. Enzyme variants with novel characteristics, including temperature or pH optima, specific activity or substrate specificity, are being created using protein engineering. Growth requirements and characteristics of the original source organism also need no longer limit the production of commercial enzymes. Genes encoding superior enzymes can be transferred from organisms such as anaerobic bacteria and fungi, typically impractical for commercial production, into well characterized industrial microbial production hosts. T. reesei, Pichia pastoris, A. nidulans and B. subtilis have excellent production and secretion capabilities [152] [153] [154] [155] and as such are favoured candidates for gene recipients. Highly active fibrolytic enzymes of fastidious organisms, such as the ruminal fungi, can now be produced in large quantities using biotechnological methods. Yields of recombinant protein as high as 20 g/L have been achieved in recombinant microbial systems [153] . Genes from ruminal microorganisms have to date not been widely used in these systems but their remarkable enzyme activities are generating more interest in this regard. In developing yeast strains for biofuel and single cell protein production, van Rensburg and coworkers have constructed recombinant strains of Saccharomyces cerevisiae expressing either an endoglucanase gene from B. fibrisolvens [156] or a cellodextrinase gene from R. flavefaciens [157] . High levels of xylanase activity were obtained in E. coli using sequences encoding domain II of xynA from N. patriciarum under the control of the tac promoter [158] . Crude lysates of cells expressing the recombinant domain II xylanase had a specific activity of 1229 µmol of reducing sugars released from xylan/ min/mg protein. We are presently developing recombinant microbial expression systems for genes encoding exceptional fibrolytic enzymes from anaerobic ruminal fungi [92,94,98] and protozoa [99] .
Genetically modified rumen bacteria
Manipulation of digestion in ruminants through genetic modification of anaerobic bacteria is currently being investigated in many laboratories, and numerous reviews have been written on this subject [13, 14, 87, [159] [160] [161] [162] [163] . Sustained interest in this concept has been driven by a number of factors, including the substantial advances being made in the development and refinement of genetic manipulation techniques. These improvements have encouraged revisitation of strategies previously hindered by technological limitations. The ruminal digestive process is a composite of the enzymatic activities of the microbial populations housed in the organ itself. Moreover, certain bacterial species (e.g., B. fibrisolvens, P. ruminicola) are ubiquitous among ruminant species on widely varying diets and tend to maintain significant populations within the ruminal ecosystem. Such competitively successful species are therefore logical couriers for the introduction of novel or enhanced genetic information into the rumen. Selective expression of heterologous genes by ruminal bacteria is currently being pursued to effect production of fibrolytic enzymes, artificial peptides, bacteriocins, and detoxification and anti-protozoal factors. [192] . The use of alternative transformation methods, such as natural competence or chemically mediated or protoplast transformation have only been reported for S. ruminantium [190] .
Bacteriophage against various species of ruminal bacteria have been isolated during studies of their role in the ruminal ecosystem [193] , and their potential application in gene transfer among ruminal bacteria has been recognized. Temperate bacteriophage from S. ruminantium [194] and lytic phage from P. ruminicola [195] could be useful for transduction experiments or provide broad host range replicons for construction of vectors. More recently, the use of phage sequences to develop an integration system for P. ruminicola has been investigated [196] .
In the search for suitable cloning vectors, plasmids have been isolated and characterized from a number of ruminal bacteria (Table 3 ). The majority of plasmids isolated to date are small and cryptic in nature, with a few notable exceptions. Two R plasmids and a large conjugal plasmid carrying tetracycline and ampicillin resistance markers from P. ruminicola, R. albus, and E. coli have been described [174, 176, 203] , and a plasmid with cellulose dependent replication was isolated from R. albus [203] . It is interesting to note that there have been no plasmids isolated from F. succinogenes despite the fact that this prominent cellulolytic bacterium has been studied extensively. Foreign vector systems have been used in the majority of studies involving genetic transfer system. Broad host range conjugative plasmids (e.g., RP4, pAM 1, pRK2013) and conjugative transposons (e.g., Tn916, Tn1545, Tc r Em r 12256) have been widely utilized to introduce genetic material into ruminal bacteria [161, [164] [165] [166] [167] [168] 175, [177] [178] [179] [180] [181] 184, 186] . Non-conjugative plasmids are also frequently employed, particularly with Gram-positive ruminal isolates. Staphylococcal, streptococcal and lactobacillal and bacillal plasmid derivatives have been successfully introduced into B. fibrisolvens [166] [167] [168] 170, 173] , R. albus [185] and S. bovis [170, 189] . This raises interesting possibilities for the use of additional vector systems previously developed for use in non-ruminal bacteria.
Steady progress is being made in the development of more sophisticated vector and genetic transfer systems, such as a suicide vector system for chromosomal integration in S. bovis [188] . Modification of existing or borrowed foreign genetic transfer and vector systems will certainly improve cloning and expression vectors, vector stability and genetic transfer systems, and will yield powerful tools (e.g., transposon mutagenesis, promoter probes, reporter gene systems) for studying the genetics of rumen bacteria.
Expression of foreign genes in rumen bacteria. Gene transfer technologies have been applied in constructing recombinant B. fibrisolvens [168, 171, 173] , P. ruminicola [181, 183] and S. bovis [189] designed for modification of the rumen environment. As mentioned earlier, P. ruminicola and B. fibrisolvens are preferred hosts for genetic manipulation aimed at improving rumen function because they are the most numerous species within the rumen under a variety of nutritional conditions [210] and although not naturally highly cellulolytic, are metabolically versatile organisms. Prevotella ruminicola and S. ruminantium have been proposed as suitable hosts for introduction of cellulases active at low pH into feedlot cattle [161, 211, 212] . The high concentrate finishing rations typically fed to these animals often reduces ruminal pH to values too low for growth or optimal activity of naturally occurring cellulolytic microorganisms or cellulase systems. Introduction of recombinant cellulolytic strains of P. ruminicola or S. bovis into the rumen would provide acid tolerant cellulolytic bacteria capable of hydrolyzing amorphous forms of cellulose under conditions which do not favour growth of the major cellulolytic bacteria.
Whitehead and Hespell [213] reported the first developments toward genetically modified rumen bacteria. An endoxylanase gene from the hemicellulolytic ruminal bacterium P. ruminicola 23 was introduced into Bacteroides fragilis and Bacteroides uniformis. Endoxylanase activities of the newly constructed xylanolytic strains were up to 50 times higher than were measured in wild type P. ruminicola 23 grown on xylan. Subsequently, the xylanase gene was integrated into the chromosomal chondroitin lyase II gene of Bacteroides thetaiotaomicron to obtain stable endoxylanase production in the absence of selective agents [214] . Enzyme activity 17 times higher than that produced by P. ruminicola 23 was maintained in B. thetaiotaomicron, and was stable when the modified strain was grown in a carbon-limited chemostat culture for over 60 generations. Introduction of the new strain into the rumen to increase xylan degradation was proposed, but it remains to be determined whether or not the genetically modified organism will persist in sufficiently high numbers to substantially increase hemicellulose digestion, especially since B. thetaiotaomicron is not a naturally occurring species in the rumen. Subsequent to the initial work with B. thetaiotaomicron, the introduction and expression of foreign glycanases in B. fibrisolvens [168, 173] , P. ruminicola [181, 183] and S. bovis [189] have been reported.
Foreign glycanase genes expressed by B. fibrisolvens include an amylase gene from S. bovis [168] , and cellulase and xylanase cDNAs from the ruminal fungus N. patriciarum [173] . In both studies, the selected genes were cloned into vectors constructed with the Staphylococcus aureus plasmid pUB110. The resulting constructs were introduced by conjugation [168] or electroporation [173] . The amylolytic activity of recombinant B. fibrisolvens H17c, grown on glucose as the sole carbon source, was intracellular and 2.5 times higher than that of wild type B. fibrisolvens H17c [168] . In comparison, enzyme activities were detected extracellularly in B. fibrisolvens constructs expressing the fungal cellulase and xylanase cDNAs [173] .
Studies involving the expression of glycanase genes in P. ruminicola have yielded mixed results. Daniel et al. [183] transformed P. ruminicola 2202 and detected expression of the same endoglucanase/xylanase gene used by Whitehead et al. [214] in constructing a recombinant B. thetaiotaomicron strain. Enzyme activities in the recombinant cells were almost four times higher than those produced by the wild type P. ruminicola 2202 cells. In contrast, Gardner et al. [181] could not detect carboxymethylcellulase (CMCase) activity in P. ruminicola 2202 cells transformed with a reconstructed CMCase gene. In that study, a CMCase gene isolated from P. ruminicola B 1 4 was modified to contain a cellulose binding domain from T. fusca [149] and a xylanase promoter from P. ruminicola 23. The P. ruminicola 23 promoter had enhanced expression of the modified CMCase gene by B. uniformis, but P. ruminicola 2202 transconjugants failed to produce detectable levels of the reconstructed CMCase. The failure of P. ruminicola 2202 transconjugants to express the modified CMCase gene illustrates again the need for a fuller understanding of gene expression in ruminal bacteria.
Future developments in the expression of heterologous genes in ruminal microbes must involve identification of suitable promoters. Promoters have been cloned and characterized from S. ruminantium genomic DNA and from S-1 bacteriophage DNA [145] , but research in this direction must be extended. In addition, regulatory and secretion signals require thorough study to achieve production of adequate amounts of the desired heterologous protein in the correct cellular location.
Heterologous glycanase gene expression in S. bovis has been reported [189] . Streptococcus bovis JB1 was transformed with pVA838, an E. coli/Streptococcus shuttle vector carrying an endoglucanase gene isolated from R. flavefaciens. Although CMCase activity could be readily detected by plate assays, levels of enzyme activity in culture medium from the recombinant S. bovis JB1 were very low. The limited activity nonetheless enabled the recombinant S. bovis JB1 construct to utilize cellotetraose at a faster rate than the parental strain.
In a different application, introduction and expression of a foreign gene for a toxin-degrading enzyme in B. fibrisolvens has been described [68, 171] . Many shrubs and trees native to Australia accumulate monofluoroacetate in their shoots and are therefore poisonous to domestic livestock [68, 171] . The toxicity of the legume L. leucocephala to ruminants had been overcome by ruminal infusion with bacteria capable of degrading mimosine [215] , but a search for microbes indigenous to the rumen and capable of detoxifying fluoroacetate was unsuccessful [216] , which prompted the introduction of this phenotype into B. fibrisolvens [68, 171] . A transcriptional fusion between the fluoroacetate dehalogenase gene from Moraxella sp. strain B and the erm promoter from pAM 1 was ligated to pBHerm [172] , a B. fibrisolvens/E. coli shuttle vector. Isolates of B. fibrisolvens OB156 carrying the dehalogenase expression plasmid (pBHf) were able to detoxify fluoroacetate in vitro and, under non-selective conditions, pBHf was maintained for up to 500 generations. It was estimated that at the level of dehalogenase expression observed in B. fibrisolvens OB156 (pBHf), toxin protection for the ruminant would be provided if B. fibrisolvens OB156 (pBHf) cells were present in the rumen at 10 6 to 10 7 cells/mL [68, 171] .
Establishment of a genetically modified bacterium in the rumen is likely to be the most difficult obstacle in the implementation of this technology, yet it is not routinely investigated nor have standardized methods been developed. The stability and dehalogenase activity of B. fibrisolvens OB156 (pBHf) in vivo was tested [68] . Recombinant B. fibrisolvens cells were able to colonize and persist over an experimental period of 5 months in the rumen of two sheep. Cell numbers fluctuated during the experiment with maximal levels of recombinant cells reaching 10 7 cells per mL of rumen fluid. The survival of transgenic bacteria in the rumen ecosystem was examined by Miyagi et al. [217] in a study that tested the in vitro and in vivo survival of a transgenic R. albus strain carrying pAM 1. The number of recombinant R. albus cells gradually decreased over a period of 96 h from 10 8 to 10 1 CFU/ mL in the in vitro model. In the rumen of a goat, cell numbers declined rapidly over the first 24 h. Subsequent counts of R. albus cells carrying pAM 1 fluctuated around 10 2 CFU/mL until the experiment was terminated after 14 days. A strain of B. fibrisolvens H17c carrying a xylanase gene from the rumen fungus N. patriciarum on the staphylococcal plasmid pUB110 [173] also failed to effectively colonize the rumen [218] . Butyrivibrio fibrisolvens H17c was established in the rumen at levels corresponding to 10 3 -10 4 cells/g digesta, however, less than 1% of these cells contained the introduced plasmid. Re-establishment of rumen bacteria was also investigated by Flint et al. [219] . Sheep were inoculated with rifampicin-resistant mutant strains of S. ruminantium and Bacteroides multiacidus, but only S. ruminantium re-established in the rumen.
These studies are insufficient to determine conclusively the ability of ruminal bacteria to readapt to the rumen environment once grown in vitro. The ruminal microbial populations are established in a definitive sequential manner very early in the life of the ruminant [35] and are notoriously difficult to modify. Efforts to effect lasting changes to the ruminal environment in a mature animal by introducing new microorganisms have typically failed, owing to the superb adaptation of resident species, and the inherent stability of the ruminal microflora. Genetic manipulation of indigenous ruminal species is encouraging, in that these microorganisms are far more likely to establish upon (re)introduction than are species not native to the rumen, but it is imperative that any new phenotype induced by genetic modification not compromise the competitiveness of the recipient microorganism. It is also apparent that care must be taken to ensure the stability of the recombinant construct. Although plasmid constructs are adequate during the development phase, integration into the chromosome is an absolute necessity for retention of introduced genetic material. Furthermore, antibiotic resistance markers must be eliminated from the final constructs, as evidence suggests that horizontal transfer of these markers in the rumen is a real possibility [178, 220] . Researchers must be diligent to ensure that work in this area does not contribute inadvertently to the increasing incidence of multidrug-resistant pathogenic bacteria [221] .
Genetically modified silage inoculants
The cost and inconvenience of adding enzymes prior to ensiling of forages with low soluble carbohydrate content could be avoided if the bacterial species in the inoculant were also capable of producing the enzymes necessary to release soluble sugars from plant cell walls. To date, however, attempts at isolating such microorganisms have proven unsuccessful. Therefore, recent efforts have been directed toward developing genetically engineered strains of lactobacilli which produce fibrolytic enzymes. Genetically modified Lactobacillus strains have been developed which express cellulase and xylanase genes isolated from other organisms [222] [223] [224] [225] and which have, in at least one case, been shown to exhibit competitive growth in silage [226] . Furthermore, those researchers have observed that the heterologous plasmid pM25, a pSA3 derivative containing a C. thermocellum cellulase gene, was maintained at high levels by the rifampinresistant host cells (by 100% of host cells when pM25 was present as a chromosomally integrated element, and by 85% when present as an autonomously replicating plasmid element). We have observed similar stabilities of recombinant plasmids in modified L. plantarum constructs applied to alfalfa forage during ensiling [227] . Plasmid constructs pSAG (pSA3::Bacillus subtilis endoglucanase gene) and pSAX (pSA3::B. circulans xylanase gene) were found to persist in 83% and 62% of rifampin-resistant L. plantarum cells, respectively.
Persistence of newly developed recombinant silageinoculant lactobacilli beyond their target environments is another important but under-studied aspect of applied recombinant DNA technology. In a single study, Sharp et al. [228] demonstrated rapid loss of both unmodified and recombinant L. plantarum silage inoculants from the rumen. Elimination of these strains was attributed to predation by protozoa and other undefined factors (e.g., turnover rate, cell death). These findings are also relevant to the use of these genetically engineered microorganisms (GEM) as probiotic feed additives, in which case it is essential that they establish and persist in the gastrointestinal tract. Factors influencing environmental persistence must be identified and taken into consideration during selection of microbial strains for genetic manipulation.
Two major drawbacks of plasmid constructs as vehicles for introduction of desired genotypes are their instability in the absence of antibiotic selective pressure and environmental concerns arising from the potential for horizontal transfer of antibiotic resistance genes carried on plasmids. Consequently, methods have been sought to integrate recombinant genetic material into the L. plantarum chromosome. Progress in this direction was achieved when the pSA3 plasmid was integrated into the L. plantarum chromosome [226, 229] , but inclusion of the erythromycin resistance gene remained as an environmental concern. Another method, more suitable for GEM destined for environmental release, features integration of select DNA fragments into the chromosome through a two-step procedure involving gene inactivation and replacement [230, 231] . In the first step, the entire plasmid construct is forced, via homologous recombination, to integrate into a predetermined locus. The process is completed by select recombinational events between tandemly repeated elements which result in the loss of the vector and maintenance of the desired gene.
Introduction of cellulase and xylanase genes into L. plantarum has been reported by a number of researchers [222] [223] [224] [225] [226] , but development of efficacious recombinant silage inoculants has been hampered by low levels of heterologous gene expression [227, 231] . Construction of hybrid genes, consisting of homologous expression-secretion signals fused with the structural component(s) of heterologous genes encoding fibrolytic enzymes, may improve levels of gene expression. The effectiveness of this technique was demonstrated when Hols et al. [231] isolated promoter signal sequence regions from L. plantarum and used them to drive expression and secretion of foreign amylase and levanase genes in L. plantarum. Expression of the levanase gene enabled the modified L. plantarum isolates to utilize inulin as a carbon source.
Ongoing advances such as these in gene expression and integration technology should enable development of genetically-modified Lactobacillus strains for silage inoculants in the near future.
Transgenic plants
Recent advances in plant biotechnology may revolutionize the commercial enzyme industry by offering alternative, cost effective methods of enzyme production and delivery [232, 233] . The existing agricultural infrastructure allows inexpensive production of large quantities of plant biomass. Expression of enzymes in plant species commonly used for animal feed will minimize downstream processing, as the whole or parts of the enzyme-producing plants are fed directly to livestock. Tobacco has been used as a model system to test plant expression of enzymes, including a xylanase from C. thermocellum [234] a R. flavefaciens xylanase/ -glucanase [235] , a Bacillus licheniformis α-amylase [233] and a phytase from A. niger [236] [237] [238] . Herbers et al. [234, 235] achieved the constitutive apoplastic expression in tobacco of a truncated C. thermocellum xynZ gene [239] , and the xylanase (XYLD-A) and -glucanase (XYLD-C) domains from the xynD gene of R. flavefaciens [142] . In these studies, expression was driven by the cauliflower mosaic virus (CaMV) 35S promoter. The proteinase inhibitor II signal sequence was used to target the enzymes into the apoplastic space. Total leaf extracts of xynZ, xylD-A and xylD-C plants exhibited specific activities of 1.5, 0.57 and 6.04 µmol of xylose released/min/mg of protein, respectively [234, 235] . Clostridium thermocellum-truncated XynZ accounted for up to 4.1% of the total protein in leaf extracts and 50% of the apoplastic proteins. Despite the high level of apoplastic expression of XynZ, XYLD-A and XYLD-C, no apparent phenotypic alterations to the host plants were reported.
In similar experiments, transgenic tobacco plants [236] [237] [238] were made to express phytase encoded by the A. niger phyA gene [63, 66] . Constitutive expression was driven by the CaMV 35S promoter and targeted for the apoplast using tobacco PR-S signal sequence. Expression of PhyA in the seeds and leaves of transgenic tobacco plants reached levels representing up to 1% [236, 237] and 1.7% [238] of total soluble protein, respectively. Feeding trials demonstrated that transgenic tobacco seeds were as effective at promoting growth of broilers as was a commercial A. niger phytase product or inorganic phosphorus [236, 237] . Development of transgenic plants expressing enzymes has recently been extended to crops commonly used to feed animals. A protein engineered, thermostable -glucanase has been expressed in germinating barley seeds [240] and the A. niger phytase was expressed in soybean [241] . At the Lethbridge Research Centre, we are combining the utility of plant expression systems with superior fibrolytic enzymes produced by ruminal fungal isolates. In collaboration with researchers at the University of Calgary, we have introduced an oleosin (oil body membrane protein)-N. patriciarum xylanase gene fusion into canola via Agrobacterium-mediated transformation [232] and xylanase activity has been detected in crude oil body protein preparations from transgenic seeds. Yields of the N. patriciarum xylanase have yet to be determined, but the potential exists with this system for production of recombinant protein at yields in excess of 1% of total seed protein and at significantly reduced cost as compared with conventional microbial enzyme production systems.
In addition to providing an efficient alternative to traditional microbial systems, transgenic plants offer the added advantage of a safe and stable formulation and delivery system in the form of seeds [237] . Recombinant enzymes were found to be stable in seeds stored for up to one year at 4°C and at room temperature [232, 237] .
Transgenic animals
The inclusion of glucanase and xylanase enzymes in poultry and swine rations has enhanced growth rates by 5 to 17% and increased feed conversion [3, 4, 6] . Techniques developed for introduction of genetic material into domestic animals over the past few years [242, 243] have provided the option of having glycanase genes expressed in the animal itself, rather than adding microbial enzymes to the feed. To be effective the enzymes must be expressed in the appropriate tissue of the transgenic host to foster maximal interaction between enzyme and substrate.
The pancreas is the logical target organ for expression of heterologous glycanase genes in non-ruminant livestock. Exocrine cells of the pancreas are the site of synthesis of a broad range of major digestive enzymes, including amylase, phospholipase, ribonuclease, carboxypeptidases A1 and A2, trypsin, chymotrypsin and elastases I and II, all of which are secreted into the duodenum to effect their hydrolytic activity [244] . The genes coding for digestive enzymes secreted from the pancreas have been sequenced and the promoter for the elastase I gene has been used to direct specific expression of a number of foreign genes in the exocrine pancreas. High constitutive expression of heterologous genes in pancreatic acinar cells has been achieved in rats following fusion of the 135-bp rat pancreatic elastase I promoter to the foreign genes of interest. This approach has been proven effective with the chloramphenicol acetyltransferase gene [245] and transforming growth factor α [246] .
The promoters for the elastase I and the amylase amy2.2 genes [247] are obvious candidates for directing expression of heterologous glucanase and xylanase genes in the small intestine because they promote tissue-specific expression. The amylase promoter is particularly attractive because it produces the highest expression levels of all the pancreatic promoters and because the level of expression is regulated by carbohydrate metabolism. The pancreas secretes heterogeneous mixtures of enzymes into the small intestine at the distal end of the duodenal loop. In poultry, pH at this locale ranges from 5.7 to 6.5. The involvement of pancreatic and digestive tract physiology dictates that the secretion and activity of heterologous enzymes are influenced by many factors. These include level of gene expression, functional activity of the signal peptide, stability of the enzyme in the presence of proteases and bile, and kinetic parameters and pH optima for activity of the enzyme. A broad selection of microbial glycanases is available, however, thus it should be possible to select several with appropriate catalytic properties and demonstrable activity in the intestinal tract.
Research on the expression of glucanase genes in eukaryotic cells in culture was initiated by Hall and coworkers [248, 249] . Transient expression, post-translational modification and secretion of the C. thermocellum endoglucanase (endoglucanase E) was investigated in Chinese hamster ovary cells using a construct with an SV40 promoter/enhancer and a -globin polyadenylation signal [248] . A functional endoglucanase was secreted when the gene was fused to either a prokaryotic or eukaryotic signal peptide. Furthermore, the endoglucanase was modified posttranslationally before secretion. Introns were subsequently shown not to be required for efficient expression of the Clostridium endoglucanase in mammalian cells [249] , which is of interest in the present application given that bacterial genes do not contain endogenous introns. Recently, the same researchers produced transgenic mice which expressed the C.
thermocellum endoglucanase E gene in the pancreas and secreted the endoglucanase into the small intestine [250] . Thus, the feasibility has been demonstrated of generating non-ruminant animals with the endogenous capacity to depolymerize plant structural polysaccharides in the small intestine.
In similar studies, we have demonstrated the synthesis and secretion of a bacterial glucanase and a bacterial xylanase in Chinese hamster ovary cells using an SV40 early enhancer/promoter and mouse Amy-2.2 signal peptide sequence [251] . We have also achieved weak but definite synthesis and secretion from an acinar pancreatic cell line, using the amylase gene promoter-enhancer sequence, as well as pancreatic expression of the glucanase in transgenic mice. Our preliminary findings, and those of Hall et al. [250] , indicate that a major challenge of this research will be to obtain a sufficiently high level of expression of the glycanase gene(s) in pancreatic cells to effect adequate hydrolysis of the glycans in the intestine.
To date, there are no reports in the literature regarding the expression of heterologous feed-digesting enzymes in ruminant animals, but transgenic ruminants are being utilized in a number of other applications. Transgenic sheep are being tested as systems for producing pharmaceutical proteins [252] , and researchers are also attempting to improve wool production by introducing cysteine biosynthesis genes into sheep [253] . Currently, wool production is limited by depletion of the pool of sulphur-containing amino acids by ruminal microorganisms.
Concluding Remarks
The potential of enzyme supplementation for improving the efficiency of feed utilization by non-ruminant livestock is widely recognized. The merits of using -glucanase in barley-based poultry diets and phytase in swine and poultry diets are well documented, and feeding these enzymes has become common practice in some areas of the world [6, 19] . Ruminant production may also be enhanced with enzymes. Widespread employment of enzymes in the livestock industry, however, has been inhibited by sub-maximal effectiveness of available products [19] , and the cost of this technology. Using improved (e.g., smaller, more active) or strategically selected (e.g., those active in rate limiting steps in fibre digestion) enzymes and increasing the efficiency of production systems will address these problems.
The search for more efficacious enzymes has led researchers to study natural systems and resident organisms which produce the desired enzyme activities. In the process, our understanding of the digestion of dietary substrates has increased and enzymes and genetic material that can be exploited through the use of recombinant DNA technology have been discovered. Digestion of the complex plant cell wall requires a myriad of enzymes. Many strategies have evolved in nature to coordinate the necessary fibrolytic activities. A perfect example is the rumen ecosystem. This ecosystem is a remarkable prepeptic adaptation which permits the functioning, in concert, of the many distinctive enzymes required for digestion of the wide array of plant materials ingested by ruminant animals. The rumen microbial populations also represent a tremendous pool of potent degradative enzymes and genetic material, entirely suitable for enhancement and exploitation using modern recombinant DNA technology. Opportunities for enzymes to enhance livestock production have been identified, and the rumen has been recognized as logical and exceedingly rich source of these enzymes. As exploration of this enzymological and genetic resource progresses from domestic ruminants to those adapted for survival in diverse habitats worldwide, the isolation of even more potent enzymes is certain.
Effective and efficient production systems are essential for realizing the full value of these newly discovered superactive enzymes. Genes encoding the desired enzymes can be manipulated and expressed in a variety of microbial, plant and animal systems. The technology required for practical and safe modification and application of these powerful agents is in place. In the past, the fastidious nature of the ruminal microorganisms has precluded commercial production of their unique and powerful enzymes, and the unremarkable enzyme activity of the organisms suited to commercial production has hampered the economic efficiency of the enzyme preparations. As an example, the fibrolytic enzymes of the ruminal fungi are known to be superior to those of the fungi traditionally cultivated commercially (e.g., Trichoderma) but the ruminal fungi are not suitable for commercial production. However, fortification of a Trichoderma cellulase production system with potent ruminal cellulases is now a viable option.
Genes encoding for hydrolytic enzymes can be used to produce modified feed ingredients (e.g., transgenic plants) or introduced into non-ruminant animals to enhance their capacity to digest complex carbohydrates. The primary problem with the construction of modified bacteria and plants revolves around vectors, antibiotic resistance markers, and promoters for heterologous genes. The nature of the digestive enzymes used in these constructs will be particularly important, but much greater consideration must be given to both their catalytic properties and stability. These same features will also be important for non-ruminant animals where there is the additional hurdle of a mixture of potent proteolytic enzymes secreted into the small intestine from the pancreas.
The beneficial effects of a number of enzymes produced by ruminal microorganisms (e.g., fibrolytic enzymes, proteases, phytases, toxin-degrading enzymes) have been investigated and confirmed in several areas of ruminant and non-ruminant animal production (e.g., degradation of fibrous feeds, protection of ruminants grazing toxic forage). Concurrently, the superior activity and specificity of these enzymes and microbes has spurred research into their genetics, and into alternative microbial, plant and animal expression and delivery systems (e.g., expression of seed proteins, oleosin proteins in canola, transgenic animals secreting digestive enzymes from the pancreas). Elucidation of gene structure and organization is allowing construction of novel hybrid genes to further enhance the expression and/or specific activity of the enzymes of interest (e.g., novel promoters, isolation and introduction of binding or catalytic domains).
Current research initiatives have revealed challenging new problems, and exciting new opportunities. The rumen is just one of many sources of enzymes to be explored. It is estimated that more than 10 6 species of fungi exist worldwide, most of which are currently undescribed [254] . Exploration of these new species, and application of emerging technologies will expedite our exploitation of these renewable resources to benefit the livestock industry.
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